It is important to study the interactions of small anions with proteins in order to understand the nature of transportation and distribution of these species in biological systems because such interactions play a key role in transportation and distribution processes. The binding capacity of a protein is dependent on its chemical and structural properties. In addition, the value of pH for the solutions, the ionic size and charge, and ionic concentration are also influencing factors (1, 2) . Bovine serum albumin (BSA), haemoglobin (Hb) and OVA have high affinities for various ligands. There have been more studies of the binding of anions to Hb and BSA (3) (4) (5) (6) (7) (8) (9) , but relatively few studies on OVA (10) . Although the amino acid composition and sequence of BSA which are important in its conformational analysis are now known (11) , the nature of binding of anions to proteins is not yet well understood. Equilibrium dialysis and UV-visible spectrophotometry have been used to study binding of fluoride ion to BSA, and significant binding was determined (12) (13) (14) . The studies on binding of various ligands to serum albumin have been reviewed by Peters (15) , and further investigated by Carter (16) later. A study on the interactions of two proteins, namely, BSA and protamine, with urea aqueous in relation to the denaturation process was reported previously (17, 18) .
Through the use of recently developed ion-selective electrode, which have been applied in investigations on the binding of ions to proteins, polymers and some ligands in aqueous and nonaqueous solutions, accurate data on the binding of ions to proteins, polymers and ligands could be obtained at lower concentration of ions. A detailed study of the interaction of diflunisal ion with cyclodextrins using an ion-selective electrode discussed the cooperative binding between them (19) . Another detailed investigation of the binding of F À , Br À and I À to BSA with ion-selective electrode calculated the binding sites and stepwise constants, and interpreted the influence of charge on the binding sites (20, 21) . However, few studies of the effect of temperature on the interactions between anions and proteins have been reported, and no studies of the thermodynamic and structural factors on the binding of F À , Br À and I À to OVA have been performed. Isothermal titration calorimetry has become an effective tool to thermodynamically characterize the binding of small molecules to macromolecules (22, 23) . The thermodynamic information is necessary for a thorough understanding of the mechanism of the interactions between ions and proteins. The objective of the present work is to investigate the binding of F À , Br À and I À , to OVA by using ion-selective electrodes. The emphasis is to study the effect of temperature on the interactions of halide ions with OVA, and discuss the nature of the interactions with thermodynamic and structural factors according to hofmaister series (24) . Circulating Thermostat (Shanghai, China), and the sample solution was continuously stirred using a magnetic stirrer.
MATERIALS AND METHODS

Materials
The pair of electrodes was immersed in 20 ml NaF solutions of different concentrations. The potential values (mV) were recorded to check stabilization (AE0.1 mV) and measured after each addition. These were plotted against logarithm of F À concentration according to the Nernst equation, and the calibration curve was obtained by least-squares fitting of the Nernst equation to the experimental data. The same procedure was followed for the construction of calibration curves of Br À and I À selective electrodes. The calibration equations and correlation coefficients are determined with this method.
Studies on the Binding of Halide Ions to OVA by the Ion-Selective Electrode Method-The pair of electrodes were immersed in 25 ml 2 Â 10 À4 molÁl -1 OVA solution. A 6 Â 10 À3 molÁl -1 standard NaF solution was used as a titrant. After the potential was stabilized, small volumes (about 2 ml) of the titrant were added. After each addition, the potential values were recorded by waiting sufficient time for equilibration. The potentials were converted into concentrations by use of the previously obtained calibration curve of F À . The amount of bound F À was calculated as the difference between the amount of total F À added and the amount of free F À measured at equilibrium. The same procedure was followed for the binding experiments of the other two ions, Br À and I À .
RESULTS AND DISCUSSION
Binding Studies-Binding Model and Equation
For the binding of multi-anions to a protein molecule, the successive binding equilibria can be expressed in general as
where P indicates a molecule of free potein, A indicates an anion and n the number of bound anions per protein molecule. The stepwise binding constants will be given by the relations
It has been pointed out to us by Professor Klotz that if the bound anion exerts no electrostatic influence on the succeeding bindings, then each anion is bound to the same kind of group on the protein (8) . In such a case, the strength of binding would be the same for each bound anion, and the relative values of the successive binding constants would be determined only by statistical factors. For this situation the binding constants of the ith is given by
where (n -i + 1)/i is the statistical factor for the binding equilibrium of the ith, K the intrinsic disassociation constant which depends on the nature of the anion as well as on the character of the protein and must be determined experimentally. 1/K is the intrinsic binding constant which can be expressed as k. If we define that the ratio of bound anions to protein molecules is r, the relation of k and r is given as follows
and Klotz equation can be given by Eq. (5) according to Eq. (4) ] according to the experimental data. These plots are shown in Figs. 1-3 and obviously present linearity. In order to find the value of n and the intrinsic binding constant k, the data of Figs. 1-3 were linearly regressed according to Eq. 5. The regression equations, correlation coefficients and the binding parameters n and k are presented in Table 1 .
It should be pointed out that the values of n, calculated from the intercepts, are not generally integer. However, they are rounded to whole numbers in Table 1 because the number of bound anion can not be fractional. Two factors are responsible for this difference. One is the deviations of the theoretical model and the reality, and the other is the experimental errors. At the same time, the excellent lines were obtained as indicated by the regression coefficients of the calibration equations. It is shown that the binding of F À , Br À and I À to OVA is consistent with the model of multi-ions successive binding. Therefore, it is obvious that all of the binding sites of F À , Br À and I À are equivalent, respectively, and the strength of binding is same. Table 1 shows that the number of binding sites for the three halide ions on OVA molecule is found to decrease in the order F À > Br À > I À , which can be explained by the increase in ionic size of the three ions in the order F À < Br À < I À . These ions have single negative charge. The charge density of these ions increases as their size decreases, which then leads to the electrostatic interactions of halide ions with the weaker polar groups on OVA molecule and make the binding ability of these ions to decrease in the order F À > Br À > I À . For the systems studied here, it was found that the number of the binding sites for F À , Br À and I À decreases with increasing temperature. The secondary structure of OVA should be responsible for this kind of behaviour. It has been reported that there is mainly b-sheet and free coil for OVA molecule, and a-helix content is only 30.6% (25, 26) . This structural characteristic will make the change of 
, Br
À and I À with OVA decrease with increasing temperature. In the course of the binding of anions to proteins, many factors may effect on the binding constants. However, two aspects may play a key role in the binding. One is the structural factor of proteins, and the other is the thermodynamic factor. As temperature increases, the peptide chains of proteins will unfold; thus, the potential binding sites in the a-helix structure will be exposed. At the same time, the thermal motion of ions will be more rapid with increasing temperature, which leads to the hydration structure for the polar groups of proteins becoming weaker, causing a more feasible binding of halide ions to proteins. In light of the above discussions, it seems that the binding constants should be greater as temperature increases. However, according to the results reported so far, the stability of the complex for anion-protein will be lowered with increasing temperature, so the binding constants will decrease (27) . This difference is because that the a-helix content of OVA molecule is comparatively limited. As temperature increases, the unfolding of the peptide chains of OVA is also limited, so the increase in the binding constants caused by the structural change of OVA is not clear, which will make the effect of temperature on the stability of the complex of anion-protein being the decisive factor. Therefore, the binding constants for the interactions of F À , Br À and I À with OVA gradually decrease as temperature increases.
THERMODYNAMIC STUDIES
Although it has been active in the study of the interactions between anions and proteins, the interactions are rather complicated. So the nature of the binding of anions is not yet clearly known (21) . According to the study of the interactions of ions with amino acids (28) , the interactions of ions and small molecules with proteins can also be considered to be composed of three effects: (a) electrostatic interaction, (b) partial desolvation of solutes, (c) solvent reorganization effect. The electrostatic interaction is mainly occurring between ions and the polar groups of proteins. This kind of interaction is exothermic and gives negative contribution to the enthalpic function (DH ). Because protein molecules and anions are hydrated in aqueous solutions, the binding of anions to protein molecules should be accompanied with the partial desolvation of solutes caused by the cosphere overlap of solvation layer of solutes. The partial desolvation of solutes is endothermic and will give positive contribution to DH . The entropic function (DS ) is lowered for the binding of anions to proteins, which will give negative contribution to DS . However, the partial desolvation of solutes accompanied by the binding, which makes the structure of water for solvation layer destructive to a certain extent, also changes the structural water molecules become free water molecules. Therefore, the partial desolvation effect will give positive contribution to DS . As for the contribution of the solvent reorganization effect to DH and DS , it should be quite complex to different systems. In general, the solvent reorganization effect gives positive contribution if it destroys the solvent structure. On the contrary, it will give negative contribution if it enhances the solvent structure. The values of DH and DS for the whole process should be mainly determined by the relative contribution of the electrostatic interaction and the partial desolvation of solutes.
The intrinsic binding constants for the interactions of F À , Br À and I À with OVA at different temperatures were obtained as presented in Table 1 . With the thermodynamic relation
Gibbs free energy (DG ) can be calculated. DH may be regarded as a constant when there is a slight change in temperature and can be determined by Van't Hoff equation
DS of the binding will be given as the following relation
The thermodynamic functions for the interactions of F À , Br À and I À with OVA at 288.15 K, 298.15 K and 308.15 K, which are calculated with Eq. (6), (7) and (8), are presented in Table 2 . Table 2 shows that the values of DG for the interactions of F À , Br À and I À with OVA are negative at the three temperatures, which in turn shows that this kind of binding is spontaneous. It was found that the binding is exothermic on the basis of values of DH ; however, the caloric effect is rather weak. The results indicate that there is an adverse effect on the binding with an increase in temperature, which is in accordance with the results mentioned above. As discussed previously, there is a strong exothermic effect in the course of the interactions of anions with proteins. However, DH of the systems studied here are calculated as small negative values, which shows that they should be accompanied with strong partial desolvation of solutes in the electrostatic interaction. The endothermic effect of the partial desolvation of solutes will compensate for the exothermic effect of electrostatic interaction to a great degree. At the same time, it is also indicated that the partial desolvation of solutes may play an important role in the interactions of halide ions with OVA by the positive values of DS presented in Table 2 . It is also important to note that F À has the largest charge density in the three halide ions, so there should be stronger electrostatic interaction of F À with OVA than those of Br À and I À , and that the partial desolvation effect of Br À and I À is relatively larger than F À according to hofmaister series (24) . Therefore, the negative value of DH for the interaction between F À and OVA should be comparatively larger, and the value of DS should be comparatively smaller as compared to Br À and I À ; however, contradictory results are presented in Table 2 , possibly caused by the solvent reorganization effect as mentioned above. It is assumed that F À can destroy the solvent structure to a great degree in the process of the solvent reorganization, but Br À and I À have the opposite effect. The destructive solvent reorganization effect caused by F À gives positive contribution to DH and DS , whereas the constructive solvent reorganization effect caused by Br À and I À gives negative contribution to DH and DS , which brings forth the favorite values of the thermodynamic functions.
To further investigate the thermodynamic effect of the interactions between halide ions and OVA, the ITC experiments were also performed. ITC experiments were carried out on a Nano-ITC titration calorimeter. To calibrate the heat effect of dilution and mixing of the titrant, a control experiment was performed by injecting the titrant into the buffer alone. The heat released by dilution of OVA was negligible. The values of the enthalpy change for the interactions of F À , Br À and I À with OVA at 298.15 K from ITC measurements (Table 3) indicate that the values are quite similar to the results measured by the ion-selective electrode method (Table 2 ). In addition, it is found that the values of the enthalpy change for these systems are very small and slightly fluctuate around zero, which indicates that the electrostatic interaction is the driving force behind the interactions of F À , Br À and I À with OVA (27, 29) . From Table 3 , we can also see the same order of the enthalpy change of these systems Br The article discussed the effect of the electrostatic interaction on the binding parameters and the density of ionic charge and the structure of OVA. Furthermore, the article also discussed the variation trends for the binding parameters with increasing temperature due to the effect of temperature on the secondary structure of OVA and the stability of anion-protein complex. The thermodynamic functions of the binding were calculated according to thermodynamic relations. It was shown that the electrostatic interaction is the driving force in the interactions of F À , Br À and I À with OVA. On occasion, partial desolvation of solutes and solvent reorganization effect may play a role in determining the thermodynamic functions of the interactions. Furthermore, the enthalpy change of the interactions of halide ions with OVA measured by ITC is in accord with that measured by the ion-selective electrode method. The results of the present study indicate that the method of ion-selective electrode can be successfully applied to investigate the interactions of some ions with proteins. 
